Baculovirus-mediated expression in insect cells is a powerful approach for protein production. However, many existing methods are time consuming, offer limited options for protein tagging, and are unsuitable for secreted proteins requiring proteolytic maturation, such as TGF-b family growth factors. To overcome these limitations, we engineered "FlexiBAC", a system that simplifies baculovirus production and permits furin-driven proteolytic maturation of targets. This system allows recombinant baculovirus formation inside insect cells and reduces the time between initial cloning and protein production to 13 days. FlexiBAC includes 146 shuttle vectors that append combinations of purification tags, fluorescent markers, proteolytic cleavage sites, trafficking signals, and chemical conjugation tags to the termini of the target protein.
INTRODUCTION
Protein production using baculovirus-infected insect cells combines biological safety with high-level expression of functional proteins. Eukaryotic proteins produced recombinantly in this system generally adopt a native, folded conformation and contain the appropriate post-translational modifications. The large baculovirus genome (ranging between 80 and 180 kbp, depending on the species) can accommodate large insertions, making it ideal for expressing large heteromeric protein complexes.
Moreover, insect cells can grow in serum-free media, which greatly facilitates purification of secreted proteins from the conditioned media.
Despite these advantages, recombinant protein production using baculovirus is time consuming. The time between initial cloning and protein expression lasted 3 to 4 weeks in the earliest baculovirus expression vector systems that relied on plaque selection of recombinants into the polyhedron locus after homologous recombination in insect cells (Jarvis, 2009; van Oers et al., 2015) . To make baculovirus production simpler and faster, more recent protocols have facilitated production of recombinant baculovirus genomes using site-specific transposition in E. coli (Bac-to-Bac®, Thermo Fisher Scientific) or homologous recombination in insect cells (flashBAC™, Oxford Expression Technologies). Both systems employ the polyhedrin promoter to drive highlevel, late expression of the target protein(s) of interest. While the former system is more popular, the latter system is faster, as it reduces the window between initial cloning and protein expression to ~14 days. One major drawback of these commercial systems is that they only offer limited options for tagging the protein of interest: 6xHis, GST, and S-tag options are available, but fluorophores or tags for conjugating chemical probes are not. Purification of difficult proteins would be greatly facilitated by a baculovirus vector system that offers a larger combination of purification and solubility tags. Furthermore, as reconstituted systems are analyzed more and more via light microscopy, there is a pressing need for more fluorophore tagging options.
Most baculovirus expression systems are also not suited for high-level secretion of recombinant proteins. The secretory pathway in insect cells has limited capacity and cannot handle the efflux of recombinant proteins during baculovirus infection (Kaba et al., 2004) . During late infection, baculovirus produce cathepsin and chitinase, two highly-expressed enzymes which are secreted by insect cells. In the wild, these enzymes are essential for liquefaction of the larval host, but they play no role in baculovirus replication in cultured cells. It was proposed that eliminating these proteins would reduce the viral protein load passing through the secretory pathway and would free up room for recombinant target proteins. Indeed, deletion of the genes encoding cathepsin and chitinase dramatically improved secretion of recombinant target proteins; unexpectedly, these mutations also reduced degradation of both secreted and non-secreted target proteins (Hitchman et al., 2010; Kaba et al., 2004) . Thus, knocking out genes encoding cathepsin and chitinase should generally improve the efficiency and versatility of baculovirus expression systems.
Another limitation of baculoviral expression systems is that they are not equipped to handle high-volume post-translational processing of secreted proteins.
Many secreted proteins require proteolytic trimming to reach a fully active, mature form. One prominent example is the transforming growth factor beta (TGF-b) member Activin A, which must be cleaved by furin convertases in the Golgi apparatus to become an active signaling ligand (Leduc et al., 1992) . Baculovirus-mediated expression of Activin A largely resulted in the secretion of an inactive pro-form peptide (Cronin et al., 1998) . Co-infection of baculoviruses expressing furin and Activin A greatly increased secretion of mature Activin A, indicating that furin activity is limited due to insufficient endogenous expression levels (Laprise et al., 1998) . Engineering a single baculovirus to express furin in addition to the target gene of interest would increase yields of active TGF-b and other secreted peptides that require furin processing, while eliminating the need for co-infection.
To overcome these limitations, we designed an open source baculovirus expression system called FlexiBAC. Our system limits the time between initial cloning and protein isolation to 13 days and incorporates rescue of a doubly defective bacmid to ensure that all infective viruses contain the recombinant target gene. FlexiBAC includes a compatible, modular shuttle vector set (146 vectors) that appends combinations of various purification tags, fluorescent markers, proteolytic cleavage sites, trafficking signals, and chemical conjugation tags to the user's target protein. To allow high yields of secreted proteins, the FlexiBAC viral genome includes deletions of genes encoding cathepsin and chitinase. We also present a specialized version of FlexiBAC that improves the maturation of secreted proteins requiring furin proteolysis.
We demonstrate that FlexiBAC is suited for the expression of proteins deemed difficult to reconstitute, including mature TGF-b family growth factors, intrinsically disordered proteins, as well as proteins containing numerous coiled-coil domains.
RESULTS

Overview of the FlexiBAC system
To streamline the production of viral stocks, we engineered a bacmid encoding a replication-defective baculovirus, which we term "DefBac" (Figure 1 ). This bacmid is designed to recombine with one of 146 compatible shuttle vectors, called pOCC vectors, where the target gene of interest (GOI) is inserted (Table 1 and 2).
Transfection of Spodoptera frugiperda (Sf9) insect cells with linearized DefBac and a pOCC vector permits their recombination and produces infectious baculovirus. The GOI is then expressed late in the lytic cycle using the polydedrin promoter. Viruses are produced and escape the Sf9 cells only if the recombination between pOCC and DefBac was successful. One round of viral amplification is typically required before the virus is used to express the target protein (see Protocol section below). In the following sections, we describe construction of DefBac and the pOCC shuttle vectors.
A doubly defective viral backbone ensures production of complete recombinant viruses containing the gene of interest
One of the earliest, and still very popular, systems used to generate recombinant baculovirus for protein expression (Bac-to-Bac, Thermo Fisher) employs site-specific transposition of a baculovirus genome, propagated as a bacmid, with a cloning plasmid that contains the gene of interest. Transposition occurs in bacteria, which can take ~1
week to select and isolate positive clones. To streamline recombinant virus preparation, we modified the Autographa californica baculovirus bacmid (bMON14272) by deleting the 3'-ends of two essential genes: lef-2 and AcOrf-1629. These genes flank the polyhedrin locus and are required for baculovirus production in cultured insect cells (Kitts and Possee, 1993) (Ho Je et al., 2001) (Zhao et al., 2003) (Wu et al., 2010) .
Cells transfected with this defective bacmid never appeared infected with baculovirus, and the cells continued to grow and divide at a rate similar to non-transfected controls (data not shown). In contrast, insect cells transfected with the unmodified parental bacmid produced infected cells 72 hours post transfection, as expected. We refer to this doubly defective bacmid as H092. The design ensures that the parental bacmid lacking the gene of interest will not produce functional baculovirus.
We designed H092 so that infectivity is restored by site-specific recombination with a pOCC shuttle vector, which contains the gene of interest flanked by 3'-segments of lef-2 and AcOrf-1629 that complement the truncations in H092 ( Figure 1A ).
Recombination at the lef-2 and AcOrf-1629 loci restores functionality of these genes, thus producing infective, recombinant baculovirus genome that expresses the gene of interest ( Figure 1A ). Sf9 insect cells efficiently promote homologous recombination, suggesting that co-transfection of H092 and pOCC in Sf9 cells could reliably produce recombinant bacmid and functional virus. Indeed, co-transfection of H092 and a shuttle vector expressing GFP, under the control of the polyhedrin promoter, produced infected, GFP-positive Sf9 cells four days post-transfection (see Figure 2 for more examples).
To demonstrate that GFP expression was associated with the production of an infectious virus, we collected the conditioned media from transfected cells and diluted it into fresh cultures. After five days, these cultures were incubated with fluorescentlytagged antibody that recognizes the baculovirus GP64 coat protein on the plasma membrane of infected insect cells and then single cell FACS sorted. These singly sorted cells were then added to fresh cultures in a 96-well plate. Out of 96 wells, 34 wells contained clearly infected cells that also strongly expressed GFP. The remaining 62 wells showed neither signs of infection nor GFP expression. These results show that rescue was both precise and efficient and that only recombinant virus expressing the transgene supplied by the shuttle vector are replication-competent. This design ensures that the parental bacmid lacking the gene of interest will not produce functional baculovirus.
Deletion of two non-essential baculovirus genes improves protein expression
Proteins required for baculoviral host liquefaction are not necessary for infection in cell culture and can often interfere with target protein expression. Two examples include cathepsin (v-cath) and chitinase (chiA), which are abundantly secreted late in the lytic cycle. Kaba et al. (2004) demonstrated that deletion of these genes improved the integrity and yield of a secreted target protein, p67. To improve our system, we eliminated these genes in H092. The resulting bacmid, called DefBac, produced infective baculovirus when co-tranfected with a pOCC shuttle vector and enhanced protein expression of the TGF-b member Activin A (Figure 2A ; see Applications section).
A versatile shuttle vector set enables combinatorial appending of tags to the target protein
It is often desirable to append different tags to the target protein to improve expression levels, solubility, purity and visualization. To facilitate this optimization process, we developed a compatible set of 146 shuttle plasmids, called Optimized Classic Cloning (pOCC) vectors, designed to recombine with DefBac and express the user's GOI ( Figure 1B ). Using this system, one GOI can be easily inserted into numerous vectors to produce target proteins with various combinations of cleavable N-and C-terminal tags ( Figure 1C ). The Defbac viral genome and the most popular 54 pOCC shuttle vectors are available at www.addgene.org ( Table 2 ). The remaining pOCC shuttle vectors are available upon request (see Table 1 for the complete collection).
Each pOCC vector contains the same cloning cassette demarcated by NotI and
AscI restriction enzyme sites. This cassette encodes a constitutive promoter (gb3) driving the toxic ccdB gene ( Figure 1B) . A pOCC vector with no insert will kill ccdBsensitive bacteria (e.g. DH5alpha) and therefore must be maintained in a resistant strain such as DB3.1. When the target GOI is successfully inserted between the NotI and AscI sites, the ccdB gene is lost and the plasmid can be maintained in ccdBsensitive cells. This feature dramatically reduces isolation of vectors lacking insert (data not shown). If target GOIs contain internal sites for NotI and AscI enzymes, their removal by silent mutation is required. However, recognition sites for both enzymes are 8 bp in length; thus, in practice, this additional mutagenesis step is rarely needed.
On the 5' and 3' ends of the cloning cassette are modules encoding purification tags, fluorescent probes, conjugating tags, trafficking peptides, and cleavable linkers ( Figure 1C , Table 1 ). The translational reading frame is adjusted so that the NotI and AscI cloning sites encode amino acids with small side chains often found in natural peptide linkers. Upstream of these sequences lie a polyhedrin promoter and a translational start site, while stop codons and transcriptional terminator elements lie downstream ( Figure 1B) . Once a GOI is synthesized with compatible NotI and AscI ends, it can be inserted or subcloned into pOCC vectors to produce in-frame fusion proteins.
An enhanced version of DefBac that highly expresses a pro-protein convertase
Many secreted proteins require pro-protein convertases to generate the functional, mature form. We hypothesized that high expression of such target proteins might overwhelm the endogenous proteolytic processing enzymes in the Golgi apparatus. To elevate furin protein levels, we replaced the conotoxin gene in DefBac with full-length cDNA encoding murine furin driven by the p6.9 promoter. This promoter directs transcription earlier during the lytic cycle compared to the strong polyhedrin (polh) promoter driving target gene expression (Hill-Perkins and Possee, 1990) . Thus, increased levels of furin are present before the target is translated. We call this parental bacmid "DefBac Fur+ ".
Applications Expression and secretion of mature TGF-b family proteins
Transforming growth factor (TGF) Beta family proteins are secreted proteins involved in inter-cellular communication during development and tissue homeostasis.
After translation, these proteins are imported into the ER in a pro-form, then trafficked to the Golgi apparatus, where they undergo maturation through proteolytic cleavage by furin convertases. The mature form is then secreted to the extracellular space by exocytosis. Recombinant TGF-b proteins are difficult to express at high levels in baculovirus-infected insect cells due to limited capacity of the secretory pathway. To overcome this limitation and improve expression of mature TGF-b family proteins, we employed our enhanced version of DefBac, called DefBac Fur+ , which expresses furin.
We focused on production of recombinant Activin A, a secreted TGF-b protein involved in inflammation, neural development, and hematopoiesis (Chen et al., 2006; Vale et al., 1986) . We co-transfected insect cells with a pOCC plasmid (pOCC-RL)
containing Activin A and parental bacmid, then collected conditioned media containing secreted protein for 6 days post infection (hpi). We achieved higher Activin A yields using the DefBac parental bacmid compared to a conventional bacmid used in commercially-available systems (bMONH092, the bacmid encoding the baculvirus genome in the Bac-to-Bac system) ( Figure 2A ). This improvement is due to the elimination of genes encoding cathepsin and chitinase, two secreted proteins that are only required for host liquefaction ( Figure 2B ). However, the majority of Activin A was in the inactive pro-form (55 kDa); only trace amounts of the active, mature Activin A form (13 kDa) appeared (Figure 2A,B ; reducing conditions).
We next sought to improve production yields of mature Activin A. To become fully active, TGF-b -family proteins require C-terminal cleavage by furin convertases that reside in the early Golgi apparatus and recognize the multi-basic motif RX(K/R)R (Thomas, 2002) . Western blot analysis revealed that DefBac Fur+ greatly improved the production of mature Activin A and its secretion into the extracellular medium, with levels peaking 120 hpi ( Figure 2C ). We detected only trace amounts of the pro-form of Activin A in the DefBac Fur+ sample ( Figure 2C ). DefBac Fur+ also produced more mature Activin A compared to cultures co-infected with virus expressing Activin A and virus expressing furin ( Figure 2D ).
Next, we purified this mature Activin A and determined its activity. We isolated Activin A from the conditioned medium by cation exchange chromatography (SP), followed by hydrophobic interaction (HIC) and size exclusion chromatography (Superdex 75). From 1 L of conditioned medium, 0.5 mg of pure Activin A was obtained ( Figure 2E ). Addition of purified Activin A (from 10-40 ng/mL) to epiblast-derived stem cells (epiSC) suppressed expression of the differentiation marker Pax6 and either maintained or potently promoted the expression of pluripotency markers such FGF5, Nanog, and Oct4, indicating that Activin A was active ( Figure 2F ).
The TGF-b family represents a broad class of proteins that include growth, differentiation, and morphogenetic factors. In addition to Activin A, two prominent examples are human growth/differentiation factor 15 (GDF15) and human bone morphogenetic protein 4 (BMP4) (Wakefield and Hill, 2013) . Expression of these targets using DefBac Fur+ greatly improved their processing and secretion levels ( Figure   3A and 3B). Thus, DefBac Fur+ is generally suitable for recombinant production of active forms of secreted TGF-b proteins.
Expression and secretion of processed E-cadherin
To test whether other secretory protein families similarly benefit from coexpression with furin, we generated recombinant baculovirus to express the ectodomain of canine E-cadherin, which requires maturation of the pro-form by a furinlike convertase. When the E-cadherin ectodomain is produced from DefBac virus, some unprocessed, pro-form is secreted into the conditioned medium ( Figure 3C , lane 1) However, when we used DefBac Fur+ , only the mature, fully-processed ectodomain was secreted ( Figure 3C, lane 2) . We conclude that DefBac Fur+ is suitable for production and secretion of a range of secreted proteins that require furin-dependent processing.
Expression of elongated, coiled-coil centrosome proteins
Centrosomes are micron-scale organelles that nucleate and organize microtubules needed for mitotic spindle assembly. Centrosomes comprise barrelshaped centrioles surrounded by a less structured mass of protein called pericentriolar material (PCM). Mechanistic understanding of how PCM assembles and nucleates microtubules has long been hampered by lack of in vitro reconstitution approaches. This is attributed to the PCM scaffold being composed of elongated, high-molecular weight proteins that contain coiled-coil domains, which have been notoriously difficult to reconstitute in their full length.
The main PCM scaffold protein in the nematode C. elegans, SPD-5, contains 9 predicted coiled-coil domains, has a molecular weight of 135 kDa, and a hydrodynamic radius of ~8 nm (Hamill et al., 2002; Woodruff et al., 2017) . Compared to the Bac-to-Bac (ThermoFisher) system, use of the FlexiBAC system improved the consistency and yield of full-length SPD-5 ( Figure 4A ). We then used FlexiBAC to express and purify 12 additional full-length PCM proteins ( Figure 4B ), which were sufficient to assemble minimal PCM and nucleate microtubule asters in vitro (Woodruff et al., 2017) . Thus, the FlexiBAC system is suited for expressing elongated coiled-coil proteins, as well as globular kinases and microtubule-stabilizing enzymes.
Expression of intrinsically-disordered proteins that self-assemble
Approximately 20% of the proteome in eukaryotes comprises protein sequences that lack globular structure, termed "intrinsically-disordered" proteins (IDPs) (Peng et al., 2015) . Numerous non-membrane-bound organelles-such as nucleoli, stress granules, and germ granules-assemble through the coalescence of IDPs through multivalent interactions with themselves, other IDPs, or RNAs (Banani et al., 2017; Hyman and Brangwynne, 2011) . Historically, IDPs have been difficult to reconstitute, as they are prone to aggregation and end up in inclusion bodies.
The FlexiBAC system was successful in expressing full-length IDPs that form the basis of stress granules (in human cells and yeast) and germ granules (in C. elegans) ( Figure 4C-E) . Target proteins were isolated from infected cells after multi-step purifications in sufficient yields (1-100 mg/L culture) to carry out extensive biochemical reconstitution assays. Under specific buffer conditions, each of these proteins selfassembles into micron-scale condensates (Franzmann et al., 2018; Patel et al., 2015; Saha et al., 2016) (Wang et al., 2018) . We conclude that FlexiBAC is suitable for expression of disordered proteins that exhibit a strong tendency to self-assemble.
Discussion
Baculovirus expression has long been used for generating high yields of eukaryotic proteins that are properly folded and have native post-translational modifications. To make baculovirus expression simpler, more reliable, and more flexible, we generated a new system called FlexiBAC. We have demonstrated that FlexiBAC can be used to express diverse targets, including secreted proteins that require proteolytic processing in the Golgi apparatus, as well as intrinsically disordered and coiled-coil proteins.
FlexiBAC exhibits a number of benefits. First, the time from initial cloning to protein production can be as little as 13 days. Second, FlexiBAC is versatile and amenable for screening, as we designed a compatible shuttle vector set (146 vectors) harboring numerous tags used for purification, visualization, trafficking, and labeling with chemical probes. The target gene of interest is easily swapped between the plasmids using classic restriction enzyme cloning techniques. Third, FlexiBAC is suitable for expression of secreted proteins and is ideal for proteins requiring processing by the Golgi-resident furin convertase. Using a viral backbone that overexpresses furin, called DefBac Fur+ , we produced high yields of Activin A, a TGF-b family protein. We expect our system to be useful for expressing mature versions of other targets requiring processing by a pro-protein convertase. Finally, the FlexiBAC system is open source and freely available through www.addgene.org.
FlexiBAC has been useful for expressing difficult proteins in numerous studies (Boke et al., 2016; Franzmann et al., 2018; Hernandez-Vega et al., 2017; Murray et al., 2016; Patel et al., 2015; Saha et al., 2016; Wang et al., 2018; Woodruff et al., 2017; . We envision additional modifications to specifically address other classes of protein targets. For example, with proteins found in heteromeric complexes, expression of individual subunits often is unsuccessful but is greatly improved by stoichiometric co-expression of all the subunits. We are currently adapting the FlexiBAC system to co-express multiple genes for stoichiometric expression of all subunits (Weissmann et al., 2016) . In addition, FlexiBAC could also be expanded to express additional factors necessary for native post-translational modifications such as other pro-protein convertases, kinases, phosphatases, and glycosylation enzymes.
The speed, simplicity, and flexibility of the FlexiBAC system make it an ideal starting platform for expression and screening of diverse types of recombinant proteins. Given that FlexiBAC is open source, we invite improvements that will expand its applicability and facilitate production of a broader range of proteins.
MATERIALS AND METHODS
Additional information about construction of the FlexiBAC plasmids and viral backbone
can be found in the supplement. 
FlexiBAC Protocol Reagents
Production Phase 1. Transfect SF9 cells with pOCC plasmid and DefBac viral backbone to make the P1 virus stock.
A few days before transfection: Grow up an appropriate amount of SF9 insect cells. We typically passage cells on Friday morning to 0.5 x 10 6 cells/ml and let them grow to 4-5 x 10 6 cells/ml, which is usually by Monday morning. This culture is directly used for transfection. Table 1 and available upon request.
The most commonly used plasmids (54) are shown in Table 2 and are available at www.addgene.org. D. Timeline for production of recombinant baculovirus using the FlexiBAC system.
On day 1, the user transfects SF9 insect cells with pOCC shuttle vector (with target gene of interest) and linearized DefBac DNA. Within some insect cells, pOCC and DefBac will recombine and this event generates an infectious baculovirus that propagates throughout the culture. On day 5, the user collects the conditioned media (which contains released baculovirus) and uses it to infect fresh SF9 insect cells. On day 10, the user uses the conditioned media again to infect fresh SF9 cells. On day 13, the user harvests the infected SF9 cells containing the target protein of interest (represented by green, GFP+ cells). For secreted protein targets the conditioned medium is collected after this phase.
Figure 2. Efficient production of mature TGF-b member Activin A using
FlexiBAC.
A. SF9 insect cells were infected with recombinant baculovirus generated using the commercial Bac-to-Bac system (ThermoFisher) or the FlexiBAC system. A. Coomassie-stained gels depicting 6xHis-tagged SPD-5::GFP expressed with the Bac-to-Bac system (ThermoFisher) or with FlexiBAC. In both lanes, SPD-5::GFP was purified from insect cell lysate using Ni-NTA affinity chromatography, then eluted with 250 mM imidazole.
B. All proteins in (B-E) were expressed in SF9 insect cells using the FlexiBAC system. Coomassie-stained gels depicting purified C. elegans centrosome proteins. For more information, see (Woodruff et al., 2017; .
C. Coomassie-stained gels of purified human proteins that contain long stretches of intrinsically-disordered regions. For more information, see (Patel et al., 2015; Wang et al., 2018) .
D. Coomassie-stained gels depicting purified yeast prion-like proteins. MC and C represent middle and c-terminal domains of Sup35. For more information, see (Franzmann et al., 2018) .
E. Coomassie-stained gel of purified PGL-3, a protein that constitutes P granules in C. elegans embryos. For more information, see (Saha et al., 2016) . 
